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1. Introduction
During the past decade, following the ﬁrst demonstration of supercontinuum
generation in photonic crystal ﬁbers in the beginning of 2000 [1], a completely
new class of light sources with spectacular properties has emerged [2]. The
sources are able to emit broadband light that can span in spectral frequency
more than two octaves. Due to their extremely high brightness and excellent
beam quality that allows for tight focusing, these ﬁber-based supercontinuum
sources are also referred to as white-light lasers [3]. Pertaining to these re-
markable properties, supercontinuum sources have become very popular in a
wide range of applications, such as high-resolution optical frequency metrol-
ogy [4, 5] and spectroscopy [6, 7], as well as in various sensing and imaging
techniques [8–10].
Supercontinuum generation refers to a set of nonlinear optical processes tak-
ing place in a dielectric medium when an initially single-wavelength laser pulse
is eﬃciently converted into new wavelengths while propagating in the medium.
Typically, the dielectric medium is composed of a photonic crystal or mi-
crostructured optical ﬁber, which possesses a tiny core surrounded by a set of
holes running through the length of the ﬁber [11,12]. Supercontinuum sources
owe their exceptional spectral properties particularly to the ﬂexibility in the
dispersion design oﬀered by those ﬁbers, as the spectral broadening of the laser
pulses sensitively depends on the wavelength of the launched pulses relative
to the dispersion proﬁle of the ﬁber [13,14].
The proper dispersion control has been the key to successfully shift the short
wavelength edge of the continuum further into the ultraviolet, which has been
one of the main aims in the recent supercontinuum source development [15].
However, ﬁber design approaches the limit for what can be reached using the
fundamental ﬁber mode. This fact has turned the interest towards the use
of higher-order modes in extending the range of supercontinuum radiation to
even shorter wavelengths utilizing their unique dispersion properties [16,17].
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The present understanding of the processes involved in supercontinuum gen-
eration would not have been reached without detailed comparisons between
experiments and numerical simulations. As a result, one can meanwhile ob-
serve for selected cases, such as the single-mode pulse propagation in silica
ﬁbers, a good agreement between experiments and numerical results. Ex-
tension of the theoretical framework to include higher-order modes in pulse
propagation [18,19] has, certainly added to the complexity, but with enormous
potential also to various other applications [20,21].
For the design of tailored broadband light sources it is equally important to
reach not only a detailed understanding of the underlying complex dynamics
of supercontinuum generation but also to identify the requirements set to the
light source from the application point of view.
Among the wide range of applications of supercontinuum light, low-coherence
interferometry is one that will particularly beneﬁt from the high brightness
and favorable spectral properties of supercontinuum light. The broad spec-
trum translates to a short coherence length, which helps improve the resolu-
tion of such techniques as optical-coherence tomography [22] and white-light
interferometry [23].
The thesis is divided in two parts: First, the fundamentals of various types
of microstructured optical ﬁbers (Ch. 2) and basic aspects of supercontin-
uum generation in them are considered in Sec. 3.1. Then, practical means
to convert a pulsed supercontinuum source to provide quasi-continuous-wave
radiation is described in Sec. 3.2 [Publication I]. Section 3.3 presents a numer-
ical solver developed for simulating supercontinuum generation in multimode
ﬁbers. The solver is applied to study the inﬂuence of higher-order modes
on supercontinuum generation in a non-birefringent multimode ﬁber and in a
suspended-core ﬁber [Publication II and Publication III].
The second part of the thesis focuses on the two examples of high-resolution
optical interferometry. Section 4.2 describes the design of a white-light in-
terferometer with stroboscopic illumination and introduces the special data
analysis method that was developed. The performance of the interferometer
is demonstrated by mapping surface vibration ﬁelds for a selection of out-of-
plane vibration modes of a square-plate silicon MEMS resonator [Publication
IV]. Section 4.3 describes a ﬁber-based Mach-Zehnder-type interferometer
that was designed and used for simultaneous measurements of both the re-
fractive index and the absorption coeﬃcient of gas samples inﬁltrated into a
hollow-core photonic band-gap ﬁber. In this particular case, the measurement
was performed for acetylene [Publication V].
2
2. Optical ﬁbers
Light guidance was demonstrated in a water stream as early as 1840 but this
technique was of limited use for the transmission of light, except for laboratory
demonstration purposes on optics. With the invention of glass optical ﬁbers
in the early 20th century, more practical light guidance became possible. This
lead to many applications, for instance imaging of remote locations by using a
bunch of thin glass ﬁbers, however, light transmission over long distances was
not yet possible at that time due to the high losses. In 1966 it was estimated
that the minimum fundamental limit for losses in glass ﬁbers had not been
reached yet [24]. According to these predictions, improvement of the glass
purity could reduce the attenuation in ﬁbers below 20 dB/km, an important
milestone towards practical long-distance ﬁber-optic communication systems.
Over the last ﬁve decades, evolution of ﬁber fabrication and design technolo-
gies have enabled to achieve attenuation levels as low as 0.2 dB/km [25] and
provided a control of other light guidance properties. Information transmission
became possible over very long distances and has led to additional application
areas for optical ﬁbers beyond the telecommunication industry [26], extending
to ﬁelds such as sensing, medical imaging and many more.
The schematic of a simple optical ﬁber is shown in Fig. 2.1. This ﬁber
consists of two concentric glass layers, namely the core and the cladding.
In addition, the ﬁbers are usually coated with a hard polymer layer that
shields the glass layers from abrasion, moisture and improves the mechanical
strength [27–29].
In conventional optical ﬁbers, like the one shown in Fig. 2.1, light guidance
is achieved by total internal reﬂection (TIR) at the core-cladding interface.
According to the Snell-Descartes law, TIR requires that the refractive index
of the core is higher than that of the cladding, see the plot in Fig. 2.1. Usually,
the index contrast between the core and cladding is created by adding dopants
into either the core or the cladding during ﬁber manufacturing.
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Figure 2.1. Schematic representation of a simple step-index optical ﬁber together with the
refractive index proﬁle.
Conventional ﬁbers are well known as a key component in modern telecom-
munication systems, however their use in other areas of research and industry
is quite limited. After achieving nearly the minimum fundamental limit for
losses, the interest of the research community in optical ﬁbers started to de-
cline. This changed, however, with the demonstration of a completely new
optical ﬁber concept.
In 1991, Philip Russell suggested in unpublished work a ﬁber, which employs
the unique properties of photonic crystals for light guidance [11,30,31]. It was
predicted that such photonic crystal ﬁbers (PCFs) could, in principle, enable
light guidance even in a hollow core. However, the manufacturing of PCFs
was very challenging and the ﬁrst operational PCF had a solid core and was
guiding the light similarly to conventional ﬁbers. Interestingly, the ﬁber was
found to support only the fundamental mode over a very broad spectral range
spanning from mid-infrared to the blue [30]. A few years later, light guidance
in an air hole was ﬁnally demonstrated [32]. From this point on, the PCFs
have revolutionized optical ﬁber technology and broadened the scope of ﬁber-
optic applications thanks to the unprecedented ﬂexibility in the design of their
optical properties [11,31,33–39].
Photonic crystal ﬁbers, in which light guidance is achieved due to an ef-
fective index contrast, are called microstructured optical ﬁbers (MOFs). In
contrast to conventional ﬁbers, MOFs are typically made of a single material
with the cladding formed by a matrix of micron-sized air-holes running along
the ﬁber length. The microstructure provides lower average refractive index
of the cladding compared to the solid core, hence light guidance is achieved
by the so called modiﬁed TIR. The schematic view of a typical MOF, to-
gether with it’s refractive index proﬁle, is shown in Fig. 2.2(a). In MOFs, the
modulation of the refractive index not only creates an eﬀective index contrast
but also strongly aﬀects the waveguiding properties due to the signiﬁcant de-
pendence of the average refractive index on the wavelength. As a result of
4
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Figure 2.2. Schematic view of an index guiding MOF (a) and a HC-PBF (b) together with
their refractive index proﬁles.
this unique wavelength dependence, the ﬁrst demonstrated PCF was found
to be endlessly single-mode [30, 40]. Equally important, the PCF technology
also enables single-mode guidance in a MOF with a very large core [41]. Such
large-mode area MOFs are capable of high-power light delivery with negligible
nonlinearities and excellent beam quality.
On the other hand, by increasing the air ﬁlling ratio in MOFs, the core size
can be signiﬁcantly reduced, resulting in extreme light conﬁnement, which ef-
fectively boosts nonlinearities. The increase of non-linear eﬀects in MOFs can
be used to eﬃciently generate supercontinua, which has lead to the develop-
ment of novel light sources with extremely broadband spectra and brightness
comparable to that of lasers [1, 42,43].
A conceptually diﬀerent light guidance mechanism is utilized in another
kind of PCFs, called photonic bandgap ﬁbers (PBFs) [44,45]. In these ﬁbers,
the low-index core is surrounded by a microstructure with a higher average
refractive index, which makes TIR impossible. The light guidance, however, is
achieved exclusively due to photonic band-gap eﬀect, giving the name of these
ﬁbers. The photonic bandgap eﬀect also allows for light guidance in a hollow
core surrounded by a properly engineered microstructure [32], as illustrated
in Fig. 2.2(b).
Since the introduction of hollow-core PBFs (HC-PBFs), their potential for
sensor applications was recognized. The core can be easily inﬁltrated with an
analyte providing an excellent overlap with the guided light. Even with a small
sampling volume a high sensitivity can be achieved [38,39,46–48]. Since then,
various sensor designs were proposed, which allow monitoring the refractive
index [49,50] of gaseous analytes, gas sensing [46,51–54], as well as measuring
the strain [55, 56] and temperature [56, 57]. For instance, in Publication V,
we demonstrated how the HC-PBF can be used for high-resolution spectrally-
resolved measurements of the complex refractive index of gases.
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Modes and dispersion. Numerous characteristics are needed to describe the
light propagation in optical ﬁbers. While the detailed description of these
characteristics can be found from a wide range of textbooks [33,34,58,59], in
this section I shall only brieﬂy introduce the most important characteristics
essential for the other parts of the thesis.
Propagation of light in optical ﬁbers is most conveniently described in terms
of the guided modes. Guided modes are the solutions of Maxwell’s equations
for the boundary conditions deﬁned by the ﬁber cross-section. All ﬁber modes
have a distinct propagation constant and a characteristic transverse ﬁeld dis-
tribution which remains constant during propagation.
According to the modal description, the complex amplitude of the monochro-
matic electromagnetic ﬁeld U(x, y, z, ω) propagating along the ﬁber with N
guided modes can be represented as a sum of mode-ﬁelds
U(x, y, z, ω) =
N∑
m=1
Um(x, y, z, ω), (2.1)
where ω is the angular frequency and x, y, z are the spatial coordinates.
Furthermore, translational invariance of the optical ﬁbers allows separating
the modal ﬁelds into transverse Fm(x, y, ω) and longitudinal Am(z, ω) compo-
nents
Um(x, y, z, ω) = Fm(x, y, ω) · Am(z, ω) · eiβm(ω)z, (2.2)
where βm(ω) is the real valued propagation constant of m-th mode, which is
equivalent to the phase change per unit of length. This separation signiﬁcantly
simpliﬁes the modeling of light propagation in ﬁbers, since the only variable
remaining is the amplitude, while the propagation constants and the transverse
ﬁeld distributions of the guided modes depend only on the ﬁber characteristics.
The number of guided modes can be controlled through the design of ﬁber
geometry. It is possible to create optical ﬁbers, which support only the funda-
mental guided mode at least within a certain spectral range, as illustrated in
Fig 2.3. For instance, in conventional ﬁbers this is usually achieved by reducing
core diameter to ∼ 8μm with a core-cladding index contrast of ∼ 10−3 RIU (re-
fractive index units). In comparison, the design of the microstructured region
in MOFs, provides more ﬂexible control of the number of guided modes [60].
It is important to note that for certain symmetries, a ﬁber may have modes
with equal propagation constants, which are called degenerate [61–63]. For
instance, the conventional non-birefringent ﬁbers with circular core have two
degenerate fundamental modes which diﬀer only by the state of polarization.
The propagation constant of a ﬁber mode is a function of frequency and is
therefore responsible for chromatic dispersion. In optical ﬁbers, total chro-
6
Optical ﬁbers
0.6 0.8 1 1.2 1.4 1.6
1.44
1.445
1.45
1.455
1.46
1.465
1.47
Mode 1
Mode 2
Mode 3
Core
Cladding
M
o
d
e
 c
u
t-
o
ffR
e
fr
a
c
ti
v
e
 i
n
d
e
x
Wavelength [μm]
Figure 2.3. Eﬀective indices of a few selected modes in a conventional optical ﬁber (solid
lines) together with the refractive indices of the core and the cladding (thick
dashed lines). The mode cut-oﬀ wavelengths (dotted lines) of modes 2 and 3
are indicated.
matic dispersion depends on both the dispersive properties of ﬁber material
and the waveguide dispersion determined by the ﬁber geometry. In analogy to
the refractive index of a homogenous medium, one can introduce the eﬀective
refractive index of a ﬁber mode as
neff (ω) =
c0 · β(ω)
ω
, (2.3)
where c0 is the speed of light. Eﬀective refractive indices of a guided modes are
always located in between the refractive indices of the core and of the cladding,
as illustrated in Fig 2.3. When the eﬀective index of a mode becomes equal
to the cladding index, the mode is no longer guided at longer wavelengths, as
indicated in Fig. 2.3. This wavelength is also referred to as mode cut-oﬀ. In
conventional ﬁbers, only the fundamental mode has no cut-oﬀ wavelength.
The eﬀects of dispersion on guided light are best illustrated by expanding
the propagation constant in the vicinity of a conveniently chosen frequency ω0
using Taylor expansion
β(ω) = β0 + β1(ω − ω0) + β22 (ω − ω0)
2 + ... , where βn =
∂nβ
∂ωn
∣∣∣∣
ω=ω0
. (2.4)
This enables to obtain the two most important parameters β1 and β2, which
describe the group velocity (vg = 1/β1) and the group velocity dispersion
(GVD) β2, i.e. the velocity at which the pulse envelope moves and its temporal
broadening, respectively. These two parameters are very important for the
understanding and characterization of dispersion and are typically suﬃcient
for the description of narrow-band light propagation. The propagation of
broadband light in ﬁbers, however, requires the knowledge of the complete
functional dependence of β(ω).
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Figure 2.4. Diﬀerent group-velocity dispersion proﬁles are compared, featuring two (red
line), one (blue line) ZDWs or are located completely within the normal dis-
persion regime with a MDW (green line).
For practical purpose, the GVD is often presented in terms of the GVD
coeﬃcient D, which is the rate of pulse broadening per unit of length per unit
of spectral width. It is related to β2 as
D = −2πc0
λ2
β2  − λ
c0
∂n2eff
∂λ2
, (2.5)
where λ is the free-space wavelength.
The dispersion curve is typically divided into the two distinct parts, the nor-
mal and anomalous regime. Dispersion is called normal when β2 > 0 (D < 0)
and it is anomalous when β2 < 0 (D > 0). Special attention is paid to the
wavelength, where the GVD equals to zero, which is called zero-dispersion
wavelength (ZDW). Ideally, a narrow-band light pulse with a central wave-
length that is equal to ZDW, is expected to propagate over long distances
without broadening, though it is rarely observed in practice due to the pres-
ence of higher order dispersion.
The location of the ZDW is deﬁned by the ﬁber material but can also be
modiﬁed by altering the ﬁber geometry. The highest ﬂexibility in tailoring the
dispersion properties are oﬀered by MOFs [64]. For certain designs the ﬁber
may exhibit two ZDW points or none of them, as illustrated in Fig. 2.4 by
the red or green curve, respectively. Fibers with only normal dispersion are
called all-normal dispersion (ANDi) ﬁbers [65]. Analogously to the deﬁnition
of the ZDW, the minimum dispersion wavelength (MDW) is often deﬁned as
a parameter of ANDi ﬁbers, where the dispersion is closest to zero.
The possibility to tailor the dispersion properties is important for nonlinear
applications, in particular for supercontinuum generation, as will be discussed
in the next chapter.
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Calculation of ﬁber modes and dispersion. Mode ﬁelds and the correspond-
ing propagation constants can be obtained by solving Maxwell’s equations for
a ﬁber cross-section either analytically or numerically. However, analytical so-
lutions can be obtained only in a few speciﬁc cases for a simple ﬁber geometry,
while more complex geometries require the use of numerical methods. One of
the most popular numerical approaches is the ﬁnite-element method (FEM),
which allows for solving Maxwell’s equations for arbitrary geometries and thus
is well suitable for the mode analysis of PCFs. Commercially available FEM
solvers are routinely used for modeling of light propagation in optical ﬁbers.
In this thesis, all modal and dispersion calculations were performed using the
eigenmode FEM solver provided in the COMSOL Multiphysics® package [66].
This software package solves the full-vectorial Maxwell’s equations providing
accurate mode-ﬁelds and the propagation constants, including the polarization
properties of the analyzed ﬁber geometry.
9
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3. Supercontinuum light sources
Light sources based on supercontinuum generation in optical ﬁbers become
increasingly popular in various areas of science and industry. They emit ex-
tremely broadband light with high brightness and beam quality, which are
comparable to those of lasers. The unique properties of supercontinuum
sources have already found applications in numerous ﬁelds, including opti-
cal frequency metrology [43,67], optical communications [68], spectroscopy [6]
and many others. For instance, the small coherence length of the emitted
broadband light can be utilized to improve performance of low-coherence inter-
ferometry techniques, such as optical-coherence tomography [69] and scanning
white-light interferometry [9].
In this chapter, the basics of supercontinuum generation are introduced,
before the principle of a continuous-wave supercontinuum light source [Pub-
lication I] is described. Finally, the numerical and experimental studies of
supercontinuum generation in multimode ﬁbers are presented [Publication II
and Publication III].
3.1 Basics of supercontinuum generation
Any dielectric medium has a nonlinear response when high-intensity light is
propagating through it. The interplay between various nonlinear eﬀects results
in the generation of new frequencies, broadening the input light to a spectral
continuum at the output. This process is known as supercontinuum generation
(SCG).
In the 1960s, spectral broadening of high intensity pulses was ﬁrst demon-
strated in liquids [70,71] and then in bulk crystals and glasses [72,73]. These
experiments have shown that eﬃcient spectral broadening requires a long in-
teraction path and enormous power levels. The idea of developing novel light
source based on this principle was very promising but required huge and ex-
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pensive high power lasers. However, extreme intensities can lead to the self-
focusing eﬀect resulting in beam ﬁlamentation and possible damage of the
nonlinear material.
Few years later, optical ﬁbers were demonstrated to be good candidates for
eﬃcient excitation of nonlinearities due to the long interaction path and strong
light conﬁnement in the core [74–77]. This allowed for signiﬁcant reduction
of required laser power to only a few kilowatts [78], instead of more than 100
megawatts for bulk materials [72]. Moreover, supercontinua generated in a
single-mode ﬁber showed a high beam quality.
Another important advantage of using optical ﬁbers for SCG is the ability
to tailor their dispersion properties. As will be discussed in more details later
in this section, dispersion plays a very important role in SCG, as it deﬁnes the
dynamics of nonlinear processes and the overall eﬃciency of spectral broaden-
ing. Early experiments have shown that the highest spectral broadening can
be achieved when the wavelength of laser pulse is located in the vicinity of
ZDW. Optical ﬁber technology provides a control over the position of ZDW
thanks to the waveguide contribution to the eﬀective refractive index of a ﬁber
mode. However, with conventional ﬁber technology it was not possible to re-
alize a ZDW below that of the ﬁber material (≈ 1280 nm for fused silica),
where most lasers are operated.
Soon after their ﬁrst introduction, MOFs became particularly favored for
generating supercontinua due to their unprecedented ﬂexibility in the design
of the dispersion characteristics and the extreme light conﬁnement. With
MOFs, it became possible to realize a ZDW in the visible spectral range and
thus enable the generation of a visible supercontinuum in optical ﬁbers [1].
The unprecedented ﬂexibility in the dispersion control allowed for matching
of ZDW to the operation wavelength of available high power lasers, which
together with the achievable high nonlinearity, have boosted the interest in
theoretical and experimental research of SCG.
A supercontinuum in the visible spectral range has also been generated in
tapered conventional germanosilicate ﬁbers [79]. This alternative approach
makes use of readily available and inexpensive telecommunications ﬁbers. This
way, good coupling to other ﬁber components is provided. However, tapered
ﬁbers require special protection of the tapered region from both mechanical
damage and dust, as light scattering can otherwise easily aﬀect the perfor-
mance of light guidance. In practice, this is diﬃcult to achieve since strong
light conﬁnement in the tapered region requires very low refractive index of
the surrounding medium, and thus cannot be covered with a hard protective
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Figure 3.1. SPM results in a frequency shift due to time-dependent phase delay caused by
the intensity variation in a light pulse.
coating. For this reason, MOFs have more commonly been used for SCG.
The dynamics of the nonlinear processes involved in SCG are very com-
plex, which sometimes makes it diﬃcult to isolate the contribution of diﬀerent
mechanisms. Nevertheless, it is useful to study these mechanisms ﬁrst inde-
pendently in order to gain a fundamental understanding of the underlying
physical processes.
3.1.1 Nonlinear Kerr eﬀect
The temporal variation of intensity in a pulse I(t) causes the proportional
variation of the local refractive index in a medium Δn(t) = n2I(t), which is
called nonlinear Kerr eﬀect. There are three major eﬀects arising from Kerr
nonlinearity: self-phase modulation (SPM), cross-phase modulation (XPM)
and four-wave mixing (FWM).
Self and cross-phase modulation result in a time-dependent phase delay ei-
ther in the same pulse (φNL = k0 · n2 · I · z) or in a co-propagating pulse
(φNL = k0 · n2 · (I1 +2I2) · z), respectively. A time-dependent phase delay im-
plies a frequency shift with magnitude δω(t) ≡ −dφNL/dt and therefore leads
to nonlinear chirping of optical pulses and the generation of new frequency
components, as illustrated in Fig. 3.1.
Four wave mixing is a parametric process which results in the generation of
new frequencies. It involves two pump waves with frequencies ω1 and ω2 and
two new waves generated at frequencies ω3 and ω4. In single-mode optical
ﬁbers, however, it is often assumed that the two pump waves have equal
frequencies (ω1 = ω2), so that the FWM is degenerate.
According to energy conservation, the frequencies must satisfy the following
condition
ω3 + ω4 = ω1 + ω2. (3.1)
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Figure 3.2. Generation of (a) Stokes and (b) anti-Stokes waves in stimulated Raman scat-
tering process.
In addition, momentum conservation between the four interacting photons
requires the phase mismatch Δk to be equal to zero
Δk = k3 + k4 − k1 − k2 = 0, (3.2)
where kj = n(ωj) · ωj/c0 [80]. At wavelengths near the ZDW, the phase
mismatch (Δk) is minimized [81, 82], which thus results in a signiﬁcant con-
tribution of FWM to the generated supercontinuum [83–85].
3.1.2 Stimulated Raman Scattering
Raman scattering is an inelastic scattering process in which photons exchange
energy with optical phonons. This process can be explained with the help of
virtual energy levels introduced into the energy diagram, as shown in Fig. 3.2.
During interaction an incident photon may transfer part of its energy and
excite an optical phonon with energy Evib. As a result, the photon becomes
red-shifted. In case, an incident photon interacts with an already existing
phonon, the photon may acquire energy and become blue-shifted. Therefore,
Raman scattering results in appearance of two additional spectral components
placed symmetrically around the pump with a frequency shift depending on the
vibration energy levels of the medium (ΔνR ∼ 13 THz for fused silica ﬁbers).
The red-shifted light, often called Stokes wave, is usually much stronger than
the blue-shifted anti-Stokes wave due to the fact that higher vibration levels
are less populated than the ground-state level. Generally, Raman scattering is
a relatively weak eﬀect. However, if the medium can force scattered photons
to remain within it, they will stimulate the emission of new red or blue shifted
photons, greatly amplifying the Stokes and anti-Stokes components. This
process is called stimulated Raman scattering (SRS) and plays an important
role in SCG.
Stimulated Raman scattering is one of the primary nonlinear eﬀects in SCG
14
Supercontinuum light sources
ν
pump
Δν
R
In
te
n
s
it
y
Frequency
Stokes waves
anti-Stokes waves
Figure 3.3. Cascaded SRS results in generation of secondary spectral components at inter-
vals ΔνR.
with long pump pulse durations ranging from picoseconds up to continuous-
wave pumping, and it is the dominant eﬀect when pumped in the normal
dispersion regime.
Under high pump powers, when even the power of the Stokes wave exceeds
the Raman threshold, the Raman eﬀect can repeat to produce a secondary
Stokes wave [86]. This process is called cascaded SRS and may repeat sev-
eral times during propagation generating multiple equidistant spectral com-
ponents, as illustrated in Fig. 3.3. If a phase matching condition holds for the
SRS generated frequencies, FWM may contribute signiﬁcantly and result in a
very smooth continuum extending to the blue [83].
3.1.3 Inﬂuence of dispersion
Since dispersion is a linear eﬀect, it does not result in generation of new
frequencies, however, it has a strong impact on the character of nonlinear
interactions.
In case pumping takes place in the normal dispersion regime (D < 0), the
resulting supercontinuum is mainly determined by SPM and SRS. The pump
pulse undergoes simultaneous broadening in both frequency and time domains,
which results in a spectrum with relatively narrow bandwidth but high stabil-
ity.
If the dispersion regime at pump wavelength is anomalous (D > 0), a non-
linear chirp due to SPM and a linear chirp caused by the dispersion may
counteract and result in the formation of solitons. At suﬃciently high power,
the input pump pulse will form a higher-order soliton which eventually brakes
into fundamental solitons. During the decay, every fundamental soliton emits
a blue-shifted non-solitonic radiation at wavelength which depends on the
phase-matching condition with the soliton itself, as illustrated in Fig. 3.4.
This process provides the initial spectral broadening and results in formation
15
Supercontinuum light sources
1.48
1.5
1.52
1.54
1.56
G
ro
u
p
 i
n
d
e
x
0.4 0.6 0.8 1 1.2 1.4 1.6
Wavelength [um]
−1500
−1000
−500
0
500
G
V
D
 [
p
s
/(
n
m
*k
m
)]
Solitons
Dispersive
waves
Figure 3.4. Illustration of soliton dynamics and generation of dispersive waves when pump-
ing takes place in the anomalous dispersion regime. The dispersive waves are
non-solitonic pulses which appear in the normal dispersion range at phase
matched wavelengths with the corresponding solitons.
of the spectrum with a gap around the ZDW [87]. After this mechanism, a
complex interaction among FWM, SRS, and dispersion ﬁlls the gap and the
spectrum develops into a ﬂat continuum [87,88]
3.2 Supercontinuum source with continuous-wave output
Most commonly, supercontinua are generated from short, high-intensity laser
pulses ranging from the femtosecond to nanosecond regime. Also, cw-lasers
with high average powers have been used providing high spectral power densi-
ties and smooth spectra. Independent of the pump laser source employed, the
generated supercontinuum light is temporally not constant, but is rather in a
form of conﬁned, high peak-power pulses or soliton-like structures [89,90].
In Publication I, the concept of a simple ﬁber-based supercontinuum light
source with a potential to emit light with a temporally stable power and
tailored spectrum was studied both experimentally and computationally. The
light source is based on the idea of dispersive time-stretching in an optical
ﬁber to convert eﬃciently and in a completely passive way the high intensity
supercontinuum pulses into a temporally constant output.
The proposed source consists of two main parts: a pulsed supercontinuum
source and a conventional optical ﬁber as a dispersive medium for temporal
pulse stretching, as illustrated in Fig. 3.5.
When broadband pulses enter a dispersive medium, they undergo signiﬁcant
broadening in time due to the spectral dependence of the group velocity, i.e.
nonzero GVD. In absence of nonlinearities in the dispersive ﬁber, the temporal
16
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Figure 3.5. Schematic presentation of the concept of a simple ﬁber-based supercontinuum
light source with the potential to emit quasi-continuous-wave radiation.
broadening process for a pulse with a given spectrum P (ω, 0) can be mathe-
matically modeled using the simple expression for the complex spectral ampli-
tude A(ω, z) =
√
P (ω, 0)eiβ(ω)z, where β(ω) is the propagation constant of the
ﬁber mode. Applying an inverse Fourier transform to the spectral amplitude
allows to retrieve the corresponding pulse envelope P (t, z) =
∣∣F−1 {A(ω, z)}∣∣2
after the propagation distance z.
Note, that the initial phase information of the launched supercontinuum
pulses can be neglected in the expression above, since the considered ﬁber
lengths of the dispersive ﬁber yields a large GVD (β2z) [91].
Figure 3.6 shows the relative group delay (τg = L/vg) of the fundamental
mode calculated for a long (L = 100 m) conventional single-mode ﬁber (SMF).
Since the group delay is nonlinear with respect to the wavelength, diﬀerent
frequency components will experience diﬀerent temporal delays. At the wave-
lengths in the vicinity of the ZDW (≈ 1280 nm), the group delay is nearly
constant and therefore these components will propagate over a long distance
with negligible separation in time. Hence, eﬃcient temporal broadening of a
supercontinuum pulse will not only depend on the spectral width but also on
the spectral range. According to the calculations presented in Publication I,
conventional telecommunication SMFs provide suﬃcient temporal broadening
in the visible spectral range already at moderate lengths (∼ 100 m).
Apart from the length, the selection of the dispersive ﬁber also has to ensure
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Figure 3.6. Group delay for a 100 meter long conventional SMF. For convenience the group
delay is shown relative to the group delay at ZDW.
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that solitons cannot exist within the spectral range of the coupled supercon-
tinuum. This becomes particularly important when high-power soliton-like
features are contained in the launched supercontinuum pulse, as they might
form solitons when propagating in the dispersive ﬁber.
Alternatively, supercontinuum pulses can also be temporally broadened by
means of intermodal dispersion in multimode ﬁber. In this case, the intermodal
dispersion is usually stronger than chromatic dispersion and modeling of the
temporal broadening can be based on the time response function of the ﬁber.
The large spectral width of the supercontinuum, however, requires also to take
chromatic dispersion into account, as described in Publication I.
The choice of dispersive ﬁber, either single-mode or multimode, will aﬀect
the spatial properties of the output light wave. A single-mode ﬁber naturally
provides high spatial coherence of the output beam while the use of multi-
mode ﬁber simpliﬁes input light coupling and allows for the transmission of
higher powers. It must be noted that if a multimode ﬁber is used as the dis-
persive ﬁber, any spatial ﬁltering of the output light will eﬀectively reduce the
contribution of intermodal dispersion.
At some point, given a suﬃciently long ﬁber, the propagating pulses will be
stretched beyond the pulse-to-pulse period and start to overlap. As a result,
the output power smoothes and becomes nearly constant (Pavg) with superim-
posed remaining variations (δP ), as shown in Fig. 3.7. These fast ﬂuctuations
result from the temporal envelope of the stretched supercontinuum pulses and
would ideally vanish for smooth envelopes. For pulses stretched by chromatic
dispersion only, the spectrum of the input supercontinuum pulse determines
the temporal envelope of the stretched pulse [91–93] and thus the temporal
ﬂuctuations at the output. In Publication I, we demonstrated that the fast
variations can be minimized by proper selection of pulse repetition rate and
ﬁber length.
In general, the noise characteristics of a light source can be quantiﬁed in
terms of relative intensity noise (RIN). In practice, only the noise power within
the range of frequencies determined by the limited response time of the optical
detector is of interest. Therefore, noise characteristics of a light source are
typically presented in terms of RIN power spectral density (PSD). Figure 3.8
shows the calculated RIN PSD for the example in Fig. 3.7, neglecting any
other noise contributions apart from the residual intensity variations due to
the pulse overlap. The root-mean-square RIN for a detector with a bandwidth
of 350 MHz has been calculated as function of the pulse repetition rate and
the ﬁber length in Publication I. These calculations show that a noise-to-
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Figure 3.8. Power spectral density of relative intensity noise (solid line) calculated for the
light intensity after 100 m of conventional telecommunication SMF and for an
input pulse repetition rate of 1 GHz. The electrical response of a detector with
a bandwidth of 350 MHz is also shown (dashed line). [Publication I]
mean power ratio lower than 1 % can already be achieved with moderate ﬁber
lengths and pulse repetition rates.
The concept of the light source presented in Publication I thus allows for
the generation of broadband continuous-wave light with a tailored spectrum
at low noise levels. These properties are beneﬁcial for many applications in
high resolution imaging and spectroscopy.
3.3 Supercontinuum in multimode ﬁbers
The high nonlinearity of MOFs originates from the strong ﬁeld conﬁnement
achieved when these ﬁbers are designed with a small core and a high core-
cladding index contrast. Although typically only the fundamental mode is
eﬀectively excited, these MOFs can in principle support numerous transverse
spatial modes [42,63].
Earlier experiments have pointed out the importance of intermodal nonlin-
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ear eﬀects and demonstrated that a supercontinuum may also be generated in
higher-order modes (HOMs) [94–96]. The complexity of SCG itself and the
inﬂuence of intermodal phenomena in particular have mostly limited the the-
oretical studies of the pulse propagation in multimode MOFs to simple cases
only [83,85,97–99].
Only recently, the theoretical framework has been successfully extended to
enable the study of pulse propagation in multimode ﬁbers taking into ac-
count an, in principle, unlimited number of modes [18, 19]. The derived mul-
timode generalized nonlinear Schrödinger equation (MM-GNLSE) comprises
apart from the common nonlinearities, wavelength dependent nonlinear mode
couplings and was ﬁrst applied to study the dynamics of intermodal nonlin-
ear eﬀects in femtosecond SCG. With this extended theoretical framework, a
number of interesting applications have opened up. For instance, one can make
use of the distinct dispersion characteristics of the HOMs for deep-ultraviolet
SCG [16, 96]. The anomalous dispersion regime of the HOMs is shifted to
wavelengths shorter than what can be achieved with the fundamental mode,
so that eﬃcient spectral broadening on the blue side of the pump wavelength
can be realized [17, 100–102]. Other recent applications of the MM-GNLSE
include the modeling of space division multiplexing [103, 104] and the high-
average-power SCG in optical ﬁbers [105].
In the original work of Poletti and Horak, the MM-GNLSE was solved numer-
ically using the split-step Fourier method (SSFM) [19]. This method is widely
used for solving the generalized nonlinear Schrödinger equation (GNLSE) due
to its simplicity in programming and the relatively low computational com-
plexity. However, the simplicity comes at the price that the simulations must
be performed multiple times with diﬀerent step sizes in order to estimate the
error. Several improvements were proposed to the SSFM, such as a variable
step size deﬁned as a function of propagation distance or an adaptive step size
derived from a local error estimate [106,107]. This makes programming of the
solver more complex and requires very thorough optimization, as otherwise
the gain in computation speed may be lost. In particular, this holds for multi-
mode simulations where the computational complexity rapidly increases with
the number of modes [19].
Direct solving of the GNLSE is possible in the frequency domain where the
equation can be formulated and solved as a system of ordinary diﬀerential
equations (ODEs) [14, 108]. Despite a higher computational demand, com-
pared to SSFM, the beneﬁt of this approach is that many general purpose
ODE solvers are readily available and they are highly optimized and eﬃcient.
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Figure 3.9. SEM image of the suspended-core ﬁber with the inset showing the close-up
view of the core region.
Providing much easier implementation, many existing ODE solvers also con-
tain error control and adaptive step-size integration algorithms which allow
for faster convergence of the solution. Following this path, we have demon-
strated in Publication II how the MM-GNLSE can be reformulated in the
frequency domain into a system of ODEs, resulting in the development of an
alternative numerical solver. As an example, the developed solver was used to
demonstrate the polarization dynamics of SCG in two degenerate modes of a
non-birefringent MOF.
In Publication III we used the MM-GNLSE solver for modeling the SCG in
a three-hole silica suspended-core ﬁber (SCF), see also [109], and studied the
inﬂuence of HOMs both experimentally and numerically.
A scanning electron microscopy (SEM) image of the SCF end facet is shown
in Fig. 3.9. Before taking this image, the end facet and the outer surface of
the ﬁber tip were coated ﬁrst with 1.5 nm of titanium and then with a 20 nm
thick gold layer. The metal layer prevents the charge build-up by allowing
the current ﬂow to the specimen holder and therefore signiﬁcantly improves
the image quality. The coating of the end facet was performed at a normal
deposition angle, avoiding possible distortions of the ﬁber geometry due to
metal addition.
We ﬁnd that in the vicinity of the core the ﬁber geometry can be described
by three parameters: the strand thickness near the core (d ≈ 600 nm), the
in-circle radius of the core (r ≈ 875 nm) and the radius of curvature of the air
hole near the core (R ≈ 3350 nm), as shown in Fig. 3.9.
The waveguiding properties of the SCF were obtained using FEM mode-
analysis applied to the geometry of the ﬁber’s cross-section. For this analysis,
the accurate geometry was obtained by ﬁrst converting the SEM image into
vector format and then properly scaling it to the ﬁber dimensions. We have
found that the ﬁber core can support up to 12 modes in the vicinity of 780 nm,
which is the operating range of the tunable mode-locked Ti:sapphire laser used
in the experiments. The wavelength dependence of the GVD parameters and
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Figure 3.10. GVD parameters (a) and mode-intensity proﬁles (b) of the six lowest-order
modes in the SCF obtained using FEM mode-analysis.
mode-intensity proﬁles for the six lowest order modes are shown in Fig. 3.10.
For this ﬁber, the wavelength of zero-dispersion in the fundamental mode is
located at 760 nm while the ZDWs of HOMs are located around 600 nm. We
found that modes M1 and M2 as well as M4 and M5 form degenerate pairs
which diﬀer only in their polarization properties.
Nonlinear spectral broadening in the SCF was studied by pumping the ﬁber
with 150 fs long light pulses emitted by a wavelength tunable mode-locked
laser operating at a repetition rate of 82 MHz. Optimized for the highest
transmission, the light pulses were coupled with a microscope objective into
the ﬁber core. The coupling eﬃciency was estimated by measuring the average
power at the ﬁber output and in front of the objective. The spectra of the
supercontinuum generated in the ﬁber were recorded with an optical spectrum
analyzer for several pump wavelengths and pulse powers. Additionally, the
light emitted from the ﬁber was imaged through interchangeable bandpass
ﬁlters onto a charge-coupled device (CCD) camera for recording the near-
ﬁeld images. Figure 3.11 shows the spectrum and the set of near-ﬁeld images
recorded for pump pulses at 780 nm with a peak power of 10.6 kW. Additional
spectra measured under diﬀerent pump conditions are presented in Publication
III.
The near-ﬁeld images, shown in Fig. 3.11, provide clear evidence that in
addition to the fundamental mode the HOMs are also excited in the ﬁber. Over
most of the spectral range, the near-ﬁeld images resemble intensity proﬁles
similar to the one expected from the fundamental mode and only in the vicinity
of the pump wavelength the HOMs become apparent.
In principle, there are two possible origins for the presence of spectrally
broadened light in the HOMs. The ﬁrst possibility is that the light is initially
coupled only into the fundamental mode and is later transferred to HOMs
via nonlinear interactions. Alternatively, the HOMs can be initially excited
with suﬃcient power for independent spectral broadening. In order to study
22
Supercontinuum light sources
0.4 0.6 0.8 1.0 1.2 1.4
Wavelength [μm]
−40
−30
−20
−10
0
S
p
e
c
tr
u
m
 [
d
B
/n
m
]
600 nm 700 nm
745 nm 780 nm
800 nm
860 nm
900 nm 1000 nm
Pump
P
pump
 = 10.6 kW
Figure 3.11. Measured spectrum of the supercontinuum generated in the SCF by pump
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Figure 3.12. Simulated spectrum (gray line and black line (smoothed)) shown in (a) to-
gether with the measured spectrum (red line) is obtained from the coherent
sum of the modal contributions presented in (b). The simulation was per-
formed for a single pump pulse coupled entirely into mode M1. [Publication
III]
further the origin and role of the HOMs in the spectral broadening, we per-
form a detailed multimode numerical analysis utilizing the solver described in
Publication II.
First, the simulations are performed assuming that the full pump power is
coupled only into mode M1. However, all modes require the inclusion of noise
as otherwise no interaction between the modes is possible. In Fig. 3.12(a), the
simulated spectrum for a single pump pulse is compared with the measured one
for the same pump conditions. We see that the simulated spectrum is much
broader than the measurement. Furthermore, no power transfer to HOMs is
observed except to the degenerate mode M2, see Fig. 3.12(b).
The signiﬁcant diﬀerences in the modal dispersion proﬁles yield a short
modal walk-oﬀ length between the non-degenerate modes and thus reduce
the interaction eﬃciency. In addition, the magnitude of coupling coeﬃcients
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Q
(1,2)
plmn (as deﬁned in Publication II) are also an important indicator for the ef-
ﬁciency of intermodal interactions. For the present ﬁber geometry, only those
Q
(1,2)
plmn coeﬃcients, which are attributed to intramodal nonlinearities and inter-
modal XPM, have the largest magnitude. Within the degenerate mode pair
(M1 and M2), the well satisﬁed phase-matching condition, will also enable
energy transfer by intermodal FWM. This eﬀect is, in fact, responsible for the
appearance of the broad spectrum observed in mode M2. From this study, we
conclude that intermodal interaction is in general strongly suppressed so that
the experimentally observed HOMs must have been excited initially.
Ideally, the power coupled into each ﬁber mode can be found from decom-
position of the input ﬁeld in terms of mode ﬁelds. We calculated the cou-
pling eﬃciency by integrating the overlap of the incident ﬁeld with the mode
ﬁelds [110]. Approximating the laser beam with an ideal Gaussian beam with
waist radius of 648 nm and aligning it perfectly with the core, we ﬁnd that
almost all pump power is coupled to the degenerate fundamental mode, with
the power ratio between M1 and M2 depending on the beam polarization.
Any lateral oﬀset of the beam results in more eﬃcient excitation of the HOMs
with relative power fractions strongly depending on both the oﬀset direction
and the beam polarization. Calculating the total coupling eﬃciency at a grid
of pump beam oﬀsets, we obtain the coupling maps, shown in Fig. 3.13(a) for
three polarization angles arbitrarily selected along each of the strands. The
coupling maps clearly indicate that the maximal coupling persistently occurs
at an oﬀset location with only slight dependence on the beam polarization.
For the oﬀset point with maximal coupling we identify at a polarization
angle (φ = 90o) the relative modal power fractions as summarized in Tab. 3.1.
Only approximately 57 % of the full pump power (10.6 kW) is coupled into the
fundamental mode at this beam alignment while the remaining pump power
is distributed among the HOMs. Using these modal fractions for initial mode
excitation we repeated the simulation and the resulting spectrum together
with individual mode contributions is presented in Fig. 3.14. Under these
conditions, the total spectrum is in a good agreement with the experiment.
The spectrum in the fundamental mode reproduces the spectral width of the
measured spectrum, see Fig. 3.14(b), while the overall broadening of the HOMs
M1 M2 M3 M4 M5 M6
48.8 8.7 5.4 21.1 0.0 16.0
Table 3.1. Fractional mode power at the pump beam polarization aligned along vertical
strand of the ﬁber (φ = 90o).
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Figure 3.13. (a) Coupling eﬃciency maps calculated for an ideal Gaussian beam with waist
radius of 648 nm and three polarization angles. (b) Coupling eﬃciencies for
each mode depending on beam polarization plotted at the oﬀset of maximal
coupling to the ﬁber core. [Publication III]
is only about 200 nm, see Fig. 3.14(c). The spectral broadening in the HOMs
is dominated by soliton ﬁssion process while low initial power and signiﬁcant
separation from the ZDWs of these modes prevent the generation of dispersive
waves. Furthermore, the simulated HOM spectra cover a wavelength range
similar to what has been observed by the near-ﬁeld images, shown in Fig. 3.11.
The results presented in Publication III demonstrate that depending on the
pump beam size relative to the ﬁber geometry, the alignment with maximal
coupling to the ﬁber does not necessarily mean that only the fundamental
mode is excited. For some speciﬁc ﬁber geometries like the suspended-core
ﬁber the maximal coupling to the ﬁber may be found at oﬀset locations which
also results in more eﬃcient excitation of the HOMs.
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Figure 3.14. Simulation results assuming non-zero initial excitation of HOMs with power
distribution as given in Tab. 3.1. In (a) the simulated supercontinuum (gray
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(c). [Publication III]
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4. High-resolution optical
interferometry
In the most general way, interferometry can be described as a measurement
technique that utilizes the superposition of waves to obtain the information
about the measuring object. While interferometry can be applied to waves
of diﬀerent nature, this chapter, however, focuses only on the interference
between optical waves.
After introducing the basics of interferometry, two high-resolution interfero-
metric setups are described: A stroboscopic white-light interferometer for the
study of out-of-plane vibration ﬁelds in a micro-mechanical resonator and a
simple ﬁber-based interferometer for the measurement of the complex refrac-
tive index of gaseous analytes.
4.1 Basics of interferometry
When a monochromatic plane wave of initial amplitude A0 propagates through
a homogenous and isotropic medium, the amplitude at propagation distance
z and time t can be described by
A(z, t) = A0 · eik0nz · e−iωt, (4.1)
where k0 = ω/c0 is the free-space wavenumber, c0 is the speed of light, n is the
refractive index of the medium and ω is the angular frequency. Consequently,
at a ﬁxed moment in time, the phase of the propagating wave depends on both
the refractive index and the propagation distance. Thus, the optical properties
of the medium can, in principle, be retrieved from an analysis of the wave.
However, the high optical frequencies ω make it impossible to measure the
wave amplitude directly, as conventional optical detectors are limited to the
measurement of the time averaged intensity I(z) =
〈
|A(z, t)|2
〉
t
only; here 〈〉t
denotes the time average over multiple optical cycles. An alternative solution
to determine the optical properties of the medium is to compare the wave
after propagation through the medium with a reference wave. This is the
27
High-resolution optical interferometry
main principle behind interferometric techniques. In optics, usually both the
probe and reference waves are generated by dividing an incoming wave into
two parts. After the propagation through the sample and reference paths,
respectively, both waves are combined, and the resulting total intensity can
be measured. The total intensity observed on the detector Idet is related to
the superposition of the wave amplitudes and can be expressed as
Idet =
〈
|Ap(zp, t) + Ar(zr, t)|2
〉
t
= Ip + Ir + 2
√
IpIrcos(Δφ), (4.2)
where Ap, Ar and Ip, Ir are the amplitudes and the intensities of the probe and
reference waves, respectively. Furthermore, the total intensity Idet strongly
depends on the phase diﬀerence Δφ between the two waves at the detector.
Combining Eqs. 4.1 and 4.2, the phase diﬀerence can be related to the refrac-
tive indices (np, nr) and the geometric path lengths (zp, zr) of the respective
propagation paths according to
Δφ = k0 (npzp − nrzr) . (4.3)
In Eq. 4.3 the quantity (npzp − nrzr) is often referred to as the optical path
length diﬀerence (OPLD). Thus, interferometric techniques allow not only the
measurement of the refractive index of a medium but also the measurement
of distances.
Michelson and Mach-Zehnder interferometers. The devices that make use
of interference between waves are called interferometers. Figure 4.1 illustrates
two common interferometer setups, a Michelson and a Mach-Zehnder interfer-
ometer. In a Michelson interferometer, shown in Fig. 4.1(a), the beam from the
light source S is divided by a beam-splitter (BS) into a reference and a probe
beam. After reﬂection from the mirrors at the ends of the corresponding in-
terferometer arms, the beams are recombined by the same beam-splitter. The
total intensity of the superposed waves can then be detected at the output,
as shown in Fig. 4.1(a). In case when the refractive indices in both interfer-
ometer arms are equal (ns = nr = n), any displacement Δz of the mirror M2
along the beam path will directly inﬂuence the phase diﬀerence according to
Δφ = k0n · 2Δz. Consequently, changes in the path length can be obtained
directly from the measurement of intensity Idet, using Eq. 4.2.
The principle of refractive index measurement utilizing a Mach-Zehnder in-
terferometer is illustrated in Fig. 4.1(b). In this setup, the beam from the light
source S is divided by the ﬁrst beam splitter (BS1) into two beams. Guided
along separate paths, the beams are combined by a second beam-splitter (BS2)
and the intensity Idet can then be recorded at the output of the interferometer.
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Figure 4.1. Illustration of a Michelson interferometer (a) and Mach-Zehnder interferometer
(b) utilized for distance or refractive index measurements, respectively.
Note, that only one output is shown in Fig. 4.1(b) for clarity. When a sample
with unknown refractive index is placed into one of the interferometer arms,
the change of the refractive index causes a phase shift of Δφ = k0d ·Δn, where
d is the length of the sample, as shown in Fig. 4.1(b). Therefore, this setup is
suitable to obtain the refractive index of the sample from the measurement of
the light intensity at the detector.
4.2 White-light interferometry of vibrating microstructures
The sensitivity of interferometers to the OPLD has been utilized for high-
resolution optical surface proﬁlometry [111–116]. When replacing, for in-
stance, one of the mirrors in a Michelson interferometer by a sample, an accu-
rate height map of the sample can be obtained. However, from the measured
phase diﬀerence an unambiguous determination of the surface height is only
possible as long as changes in the path length remain within half of the wave-
length, i.e. typically below a few hundred nanometers. While this is typically
fulﬁlled in optical testing of smooth surfaces, like mirrors, samples with large
step heights require a diﬀerent approach for surface proﬁlometry.
The ambiguity problem can be resolved by using a multiple-wavelength [117,
118] or low-coherence [119–122] light source for illumination. In case of low-
coherence illumination, the superposed waves of each optical frequency con-
tained in the broadband light combine to a localized interference pattern at
the detector. Localizing this interference pattern, unambiguous mapping of
the static surface topography becomes possible for step heights ranging from
the nanometer to millimeter scale. This method is typically referred to as
white-light interferometry (WLI) and is widely used for the characterization
of miniaturized electromechanical components, such as microelectromechan-
ical system (MEMS). It is also known as optical coherence tomography in
biomedical applications [22,69,123].
In Publication IV, we describe a white-light interferometer and the data
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Figure 4.2. Experimental setup consisting of Michelson white-light interferometer. A colli-
mated LED beam split into the sample and reference beams by a non-polarizing
beam splitter. The returning beams are combined and imaged onto a camera
equipped with a lens for microscopic imaging. During the measurement, the
sample is translated in steps along the probe beam (Z-scan) at the same time
recording the camera image for each step.
analysis method that allows for the mapping of out-of-plane surface vibration
ﬁelds with sub-nm resolution and frequencies up to tens of MHz.
The experimental setup consists of a typical Michelson interferometer with
the reference mirror in one arm and the sample in the second arm, as shown
in Fig. 4.2. The sample is attached to a translator and can be precisely moved
along the beam axis in order to scan the OPLD and record the interference
fringe pattern for each surface point on the sample, as shown in Fig. 4.3(a) and
Fig. 4.3(b). Then, by locating the white-light interferogram at each surface
point, the relative height-map can be obtained for the entire surface.
Various methods have been developed to analyze white-light interferograms
in order to obtain the height information. The simplest method is to locate
the maximum of the interferogram under the assumption that it coincides
with the zero-order fringe. This approach, however, is very sensitive to any
intensity drift or noise. Alternatively, the calculation of the so-called “center
of gravity” can also be used [124]. More precise methods extract the envelope
of the interferogram and locate its center by a Gaussian ﬁt, which requires that
the employed light spectrum can be approximated by a Gaussian shape [125].
From the numerous analysis methods developed for WLI, the frequency do-
main analysis (FDA) approach described in [126, 127] was implemented. In
this method, the interferograms at each pixel are ﬁrst transformed into spatial-
frequency domain. In the frequency domain, the spectral phase φ is a linear
function of the wavenumber k with the slope unambiguously related to the lo-
cation of the fringe pattern h and hence to the sample height (φxy(k) = hxyk).
Since practical light sources are limited in the spectral width, the linearity
of the phase can only be observed within a ﬁnite range of wavenumbers, as
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Figure 4.3. Schematic presentation of the frequency domain analysis (FDA) approach for
processing WLI data. (a) During the measurement, a stack of images is ac-
quired as a function of the varied OPLD (z-scan). When examining the light
intensity data from a particular camera pixel through the stack, Ixy(z), (b) a
typical WLI interferogram with localized fringes is observed. (c) Applying a
Fourier transform (FT) to the interferogram, the spectral amplitude content
(A(k)) of this signal peaks at the wavenumber km, in the vicinity of which the
spectral phase ( (k)) is linear. [Publication IV]
shown in Fig. 4.3(c). An advantage of the FDA is that it does not require a
speciﬁc spectral shape and can even tolerate possible spectral changes caused
by the reﬂection from diﬀerent materials.
Enhanced white-light interferometry. The resolution of WLI can be further
improved by combining the fringe envelope localization measurement with
detection of the interferometric phase.
The main idea behind this method is schematically illustrated in Fig. 4.4
for a step height sample. Locating the coherence envelope enables to unam-
biguously determine the sample height down to the fringe order. The analysis
of the phase information can provide a high-resolution topography but suf-
fers from the phase ambiguity. Combined, however, both approaches yield an
unambiguous, high-resolution height-map, as shown on the right in Fig. 4.4.
This improvement enables detection of sub-nanometer surface height features
over a large dynamic range [121,126], and has made this method particularly
attractive for MEMS.
In principle, for enhanced WLI the coherence envelope location and interfer-
ometric phase can be obtained with any of the available methods [125,127,128].
Here, we selected the FDA since it can simultaneously yield the envelope lo-
cation and interferometric phase. While the envelope location is related to
the slope of the spectral phase, as described earlier, the interferometric phase
can be extracted from the spectral phase at the mean wavenumber km of the
fringe pattern, see Fig. 4.3(c).
A detailed description of the FDA algorithm for the enhanced WLI is pro-
vided in the original publications of de Groot et. al [126,127,129].
Measurement of vibration ﬁelds. For capturing the instantaneous surface
deformations of moving elements, the data acquisition in surface proﬁling is
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Figure 4.4. The basic principle of enhanced WLI is illustrated for a step-height sample.
While the sample height can be obtained unambiguously with the coherence
envelope localization, the interferometric phase information provides higher
resolution data, however, with apparent ambiguity. The ﬁnal result is then
obtained by extracting the fringe order from the coherence data and using it
to resolve the ambiguity in the phase data.
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Figure 4.5. Stroboscopic measurement principle illustrated for a single point of an oscillat-
ing surface. The apparent motion of the point can be eﬀectively “frozen” by
illuminating it with short light pulses emitted at the oscillation frequency. By
tuning the pulse delay δ the point location can be obtained at any oscillation
phase.
typically too slow. In case of periodically vibrating surfaces, static surface
proﬁling methods, such as WLI, can still be used when combined with stro-
boscopic illumination [116, 130–132]. In stroboscopic illumination, the light
source emits pulses in synchronization with the sample excitation frequency,
so that the sample is illuminated at the speciﬁc vibration phase only. This
eﬀectively “freezes” the periodic motion of the measured surface, as illustrated
for a single surface point in Fig. 4.5. The instantaneous deformation at any
vibration phase can then be measured by introducing a delay δ to the illumi-
nating pulses with respect to the excitation signal. Provided the illumination
pulse is short enough, this method allows for characterization of the dynamics
of surface vibration at very high frequencies.
With stroboscopic illumination, WLI enables to obtain a set of instantaneous
height maps, which cover the whole vibration period. These height maps can
be either visualized directly or further analyzed to extract more detailed infor-
mation on the vibration ﬁeld. Although the instantaneous height-maps provide
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Figure 4.6. The surface vibration analysis was applied to a set of surface height maps (a)
obtained over a complete vibration period. The surface deformation hxy at a
single spatial point as a function of δ is a sinusoid with a DC-oﬀset σxy (b).
Applying a Fourier transform, independently for each spatial point on the set of
height maps, yields the sample surface topography (σxy) and both the absolute
amplitude (Axy) and phase (θxy) of the surface vibration (c). [Publication IV]
a good visualization of the vibrating surface and are thus often presented, they
do not provide all the information available from the measurement. For in-
stance, small parasitic eﬀects on top of large-amplitude vibrations are diﬃcult
to identify from instantaneous deformation maps. Further vibration analysis
is thus essential and of great interest for sample characterization.
For a harmonically oscillating surface, the height variation of a surface point
can be described as
hxy(δ) = σxy + Axy cos(θxy + δ), (4.4)
where σxy is the average height and Axy and θxy are the amplitude and phase of
the vibration. When analyzed for the entire surface, this yields the amplitude
A(x, y) and the phase θ(x, y) maps. These maps contain complete information
on the surface deformation and can be used to calculate a 3D representation
at an arbitrary vibration phase value.
We ﬁnd the amplitude and the phase maps by measuring the surface de-
formation for a set of phase delays δ over the vibration period. Instead of
directly ﬁtting Eq. 4.4 into the height maps, we apply in Publication IV the
computationally faster Fourier transform to the height variation at each point
on the surface, as illustrated in Fig. 4.6. This method requires the instanta-
neous height maps to be measured at phase delays, which are evenly sampled
over the complete vibration period such that δ ∈ [0; 2π). As a result, the
ﬁrst spectral bin of the discrete Fourier transform will contain the information
on both, the amplitude and the phase of the vibration ﬁeld, see Fig. 4.6(c).
Additionally, the values at the zeroth spectral bin are related to the average
surface topography σ(x, y).
Figure 4.7 shows the measured amplitude and phase maps for a square-plate
resonator [133, 134] vibrating at a frequency of 3.37 MHz. The very large
dynamic range requires the amplitude map to be shown in logarithmic scale,
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Figure 4.7. The set of measured vibration amplitude (ﬁrst row) and phase (second row)
data for the 3.37 MHz vibration mode. The vibration amplitude and phase
data are also shown for three diﬀerent input drive powers P0, P0 − 20 dB and
P0 − 40 dB. [Publication IV]
so that both strong and weak eﬀects can be visualized simultaneously. At
the nominal input drive power P0, the amplitude data feature more than 40
dB of dynamic range, and the nodal line of the vibration mode is seen as a
thin and deep minimum, with the corresponding phase data showing a sharp
transition. In order to identify the minimum detectable amplitude, we reduced
the excitation power levels. Decreasing the input drive power, and hence the
vibration amplitude, serves to illustrate that the setup is capable of resolving
vibration modes with a maximum amplitude of less than 300 pm. These results
demonstrate that we can reach a minimum detectable vibration amplitude
of less than 100 pm, which advances state-of-the-art stroboscopic white-light
interferometry to the level comparable with full-ﬁeld laser interferometry [135].
As is often observed, the maximum amplitude decreases with an increase
in the vibration frequency. However, with the achieved amplitude detection
limit, we are able to explore vibration ﬁelds at even higher frequencies. Figure
4.8 shows the amplitude and phase maps as well as the 3D views of instan-
taneous deformations for the vibration modes at frequencies of 7.18 MHz and
13.72 MHz.
Requirements on the light source. For the stroboscopic white-light interfer-
ometer described in Publication IV, the requirements on the light source can
be divided into two categories, namely the spectral and temporal properties
of the emitted light pulses.
Polychromatic illumination is the main requirement for WLI. A broader
spectrum results in a more localized fringe pattern, and thus provides better
resolution. However, the situation is diﬀerent in case of enhanced WLI, where
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the coherence and phase analysis give rise to opposite requirements on the
light source spectrum.
While in enhanced WLI the coherence envelope is only utilized to extract the
fringe-order, the resolution of the height determination depends entirely on the
phase analysis. The narrower the light spectrum, the higher resolution can be
obtained. Therefore, the optimal light spectrum has to be carefully selected.
In Publication IV we have demonstrated that the bandwidth of 35 nm of a
green light-emitting diode (LED) (central wavelength of 510 nm) was already
close to optimal value, as it enabled resolution of vibration amplitudes below
100 picometers.
It is important to note that in practice, only the presence of noise limits
the resolution obtainable from the analysis of fringe location. The theoretical
resolution limit in WLI has been studied by Fleischer et al. [136]. The inﬂuence
of both the noise level and the spectral properties of the light were analyzed
in [136] based on signal theory. Therefore, their conclusions do not rely on the
speciﬁc analysis method but rather describe the possible information capacity
of the interferogram.
The duration of the illuminating pulse is an important factor in stroboscopic
methods since it deﬁnes the temporal resolution. In general, the pulses must
be much shorter than the typical time scale of the process being observed. For
instance, in stroboscopic WLI, the ﬁnite pulse duration results in a decreased
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visibility of the interference fringe pattern and an underestimated vibration
amplitude [131]. Currently, LED-based light sources are widely used in WLI.
However, their minimum pulse durations are limited to a few nanoseconds,
which eﬀectively enables stroboscopic illumination up to frequencies of a few
tens of MHz. Shorter pulses can be obtained from laser-based light sources.
Supercontinuum-based light sources are, in this respect, attractive candidates,
as they provide the ﬂexibility to tailor the spectral properties [9].
4.3 Simple interferometric gas refractometer
As was already pointed out in the ﬁrst section of this chapter, the sensitivity
of interferometers to the phase changes in a probe wave can also be employed
for the precise measurement of the refractive index of various materials. This
enables not only the characterization or detection of substances, but also al-
lows for indirect analysis of the physical characteristics, such as pressure or
temperature of the environment [56,57]. In order to reach highest sensitivity,
a good overlap of the probing light wave with the analyte is essential.
In this respect, the introduction of PCFs has been followed with the great
interest. These ﬁbers add, in addition to the numerous advantages that con-
ventional optical ﬁbers have brought to the sensing technology, the possibility
for strong interaction of the guided light with the analyte inﬁltrated into the
air holes [37,47,51,137–139]. In particular, the class of HC-PBFs allows for a
perfect overlap between the probing light beam and the analyte. The potential
use of HC-PBFs as long sample cells, which require only smallest amounts of
analyte to reach the highest sensitivity, has been recognized from the beginning
and has inspired numerous detection schemes since then [46,48–50,52,140,141].
Although many of these devices promise high sensitivity and resolution, they
are often limited to the measurement of either the real or imaginary part of
the complex refractive index.
In Publication V, we show that spectrally resolved measurements of both
the refractive index and absorption coeﬃcient can be performed for a liquid or
gaseous analyte using a simple, HC-PBF based interferometric setup. Further-
more, the proposed design is, in comparison to many other detection schemes,
very simple but yet highly precise and does not require coating techniques
with a nanometer precision, splicing or tapering of the ﬁber.
The experimental setup of the refractometer is based on a Mach-Zehnder-
type interferometer with optical ﬁbers placed into both the sample and the
reference arms. A conventional SMF is used in the reference arm and an
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Figure 4.9. Schematic view of the gas refractometer setup. A close-up of the in parallel
attached ﬁber outputs is shown in (a) together with a schematic illustration
of the interference pattern formation. A SEM picture of the used HC-PBF is
also presented. (b) Interference fringe pattern as recorded by CCD camera.
[Publication V]
HC-PBF is utilized both as a gas cell and a waveguide in the sample arm, as
shown in Fig. 4.9. Light from a wavelength tunable laser is focused after a
beam-splitter cube into each ﬁber and guided along their lengths. The output
ﬁber ends are placed parallel to each other so that the diverging output light
overlaps and interferes on a CCD camera (see insets (a) and (b) in Fig. 4.9). In
order to facilitate the ﬁlling of the core of the HC-PBF with gaseous analytes,
the output ﬁber ends are placed in a sealed gas chamber with a window for
the output light. The lengths of both ﬁbers are chosen in order to balance the
optical path lengths, however due to substantial diﬀerences in the dispersion
of the ﬁbers this can be achieved only within a narrow spectral range.
The measurement of the analyte’s complex refractive index is based on the
interference between optical waves. Variation of the refractive index in the
sample arm results in a shift of the interference pattern observed on the CCD
camera. By tracing this shift, we can precisely measure the change in refractive
index. For example, this allows for recording of the spectral dependence of
refractive index when the laser wavelength is scanned over the spectral range
of interest, as was done in the present study. In addition, the spectrally
dependent attenuation in the analyte deﬁnes the amplitude of the observed
interference pattern. Therefore, both the refractive index and the absorption
coeﬃcient of an analyte can be measured simultaneously.
Analysis of the images acquired by the camera is performed numerically
in the spatial frequency domain where the interference fringes give rise to
the spectral amplitude A only at the speciﬁc frequency points, as shown in
Fig. 4.10. At these frequency points the complex amplitude is related to
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Figure 4.10. Recorded interference fringe pattern (a) and its two-dimensional spatial am-
plitude spectrum (b). The amplitude spectrum features the intense zeroth
frequency component related to the average intensity and two side lobes which
originate from the intensity modulation in the fringe pattern.
the fringe position and amplitude, which corresponds to the refractive index
and the absorption coeﬃcient, respectively. While the exact location of the
frequency points (fx, fy) and (−fx, −fy) is not important for the measure-
ments, they must be clearly separated from the strong components near zero
frequency. This can be achieved by increasing the number of fringes in the
camera image, however, the noise and the discrete intensity measurement by
the digital camera decrease the obtainable resolution when too many fringes
become visible. In the present experiments the optimum resolution was found
with seven fringes.
For monochromatic illumination it is nearly impossible to identify the zero-
order fringe and thus the absolute value of the OPLD. Instead, a relative
measurement technique was used. The measurement procedure consisted of
two parts: First, the HC-PBF was inﬁltrated with the analyte and the fringe
pattern was recorded while scanning the wavelength of the tunable laser over
the spectral range of interest. Then, the same measurement was repeated
for a reference medium of well known refractive index. While replacing the
analyte with the reference medium, the fringe position was traced continuously
in order to relate the two measurements. This technique, in addition, enabled
for automatic accounting of the interferometer’s intrinsic wavelength response.
Compressed air was chosen as the reference medium since its refractive index
can be precisely calculated [142–146].
The potential of the proposed refractometer was demonstrated by measuring
both the absorption coeﬃcient and the refractive index of an acetylene-air gas
mixture within the spectral range from 1525 nm to 1545 nm, see Fig. 4.11.
The results clearly resolve the resonant structure of the P branch of the ν1+ν3
band of acetylene gas.
Additionally, the measurement results were compared to a simple theoret-
ical model based on the harmonic oscillator [147]. This model provides the
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Figure 4.11. Measured absorption coeﬃcient (a) and refractive index (b) for the air-
acetylene gas mixture (black line). The smooth (red) curves represent a
superposition of the results obtained by ﬁtting each resonance independently
as exemplarily shown for two resonances in the insets. [Publication V]
wavelength dependence of the refractive index and of the absorption coeﬃ-
cient in the vicinity of a single resonance. Thus, we ﬁrst ﬁtted each resonance
independently, as shown in the insets of Fig. 4.11, and then added the ﬁt-
ted curves together for a comparison with the measurement, see red lines in
main windows of Fig. 4.11. We ﬁnd a good match between the theory and
measurement.
The achieved resolution of 4 · 10−7 RIU is mainly limited by the intermodal
interference in the HC-PBF, which results in periodic variations of the fringe
position and amplitude. This inﬂuence can be readily avoided by the use of a
HC-PBF with suppressed HOMs [148,149], so that this concept has a potential
for even higher resolutions.
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5. Summary
Optical interferometry is widely applied in science and technology for investi-
gating and measuring most diverse phenomena and properties, ranging from
detection of small displacements, refractive index changes and surface rough-
ness to astronomical observations. This thesis focuses on the development of
bright, broadband light sources for interferometric applications, based on the
generation of supercontinuum light in microstructured optical ﬁbers (MOFs).
Furthermore, two concrete examples of optical interferometry, the use of a stro-
boscopic white-light interferometer for vibration analysis of micro-mechanical
resonators, and interferometric measurement of the refractive index of gases
using a ﬁber-optic measurement setup are introduced, realized, and analyzed
as potential applications for the broadband sources.
The ﬁrst part of the thesis introduces a new concept for a broadband source,
from which the light is emitted quasi-continuously in time, instead of the usual
pulsed emission of supercontinuum sources. The main idea is based on disper-
sive temporal stretching of broadband light pulses beyond the pulse-to-pulse
period to ideally reach constant output intensity. The light pulses, generated
in a MOF, were coupled into a conventional optical ﬁber with either domi-
nant chromatic or modal dispersion for temporal broadening. This concept
was found to be able to provide intensity ﬂuctuations below 1 % in the out-
put light. Many applications in optical metrology, spectroscopy and imaging
clearly beneﬁt from such a bright continuous-wave light source.
A recent development in supercontinuum generation of light has been to
extend the spectral coverage by using higher-order ﬁber modes for the non-
linear processes. In this thesis, a numerical solver for simulating such genera-
tion process was developed. The multimode generalized nonlinear Schrödinger
equation was transformed, in the frequency domain, to a system of standard
ordinary diﬀerential equations. This enabled the use of readily available ordi-
nary diﬀerential equation solvers and thus gave a straightforward access to the
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complex theoretical model. The potential of the approach was ﬁrst veriﬁed
in a simple case of non-birefringent multimode MOF pumped with femtosec-
ond pulses, rendering a clear physical picture of the spectral broadening and
the polarization dynamics of the generated output. The same approach was
further applied to study the inﬂuence of higher-order modes on supercontin-
uum generation in a three-hole silica suspended-core ﬁber. The simulation
results were compared to experimentally measured spectra, and a good agree-
ment was found for the two. The detailed comparison shows that although
the spectral broadening is mostly determined by the fundamental ﬁber mode,
an excitation of the higher-order modes can considerably contribute to the
spectral broadening, particularly in the vicinity of the pump wavelength.
The ﬁrst example of optical interferometry performed in the thesis deals with
a phase-shifting white-light interferometer that uses stroboscopic illumination.
The setup was designed to characterize the dynamics of out-of-plane surface
vibrations in electromechanical components. The performance of the interfer-
ometer was demonstrated by mapping surface vibration ﬁelds of a square-plate
silicon MEMS resonator for a selection of out-of-plane vibration modes with
resonance frequencies up to 14 MHz. A minimum detectable amplitude of
less than 100 pm was achieved. This measurement technique enables char-
acterization of small-amplitude vibrations at high frequencies and allows for
the identiﬁcation of weak parasitic eﬀects on top of large-amplitude vibra-
tions. In the present study, the highest measurable vibration frequency was
limited by the duration of the light pulse obtained from a simple LED source.
Switching to supercontinuum sources will allow much shorter pulses to be ap-
plied and, therefore, will open up new possibilities for the analyzes of much
higher-frequency vibration ﬁelds. Moreover, a supercontinuum source provides
ﬂexibility in tailoring of the light spectral properties, which turns out to be
an important factor in optimizing the resolution capabilities of the device.
As a second example of interferometric studies involving photonic crystal
ﬁbers, the thesis includes the development of a simple refractometer based
on the use of a hollow-core photonic bandgap ﬁber as the sample container
for gaseous analytes. The measurement geometry signiﬁcantly reduces the
amount of analyte required for the refractive index measurement while al-
lowing at the same time a long interaction path. The refractive index is
sensed through analyte-induced eﬀective index variation in the hollow-core
ﬁber. With this device, the refractive index of an air-acetylene mixture was
measured with a resolution of 4 · 10−7 RIU (refractive index units) in the
spectral range from 1525 nm to 1545 nm.
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